
00 DNA-TR-88-72
0)

N UPDATED EXCITATION AND IONIZATION CROSS SECTIONS
FOR ELECTRON IMPACT ON ATOMIC OXYGENI

R. R. Laher
F. R. Gilmore
R & D Associates
P.O. Box 9695
Marina del Rey, CA 90295

29 February 1988

Technical Report

CONTRACT No. DNA 001-85-C-0022

Approved for public release;

distribution is unlimited.

THIS WORK WAS SPONSORED BY THE DEFENSE NUCLEAR AGENCY
UNDER RDT&E RMC CODE B4632D RD RC 00001 25904D

LTIC
Prepared for

Director A 2 1 89
Defense Nuclear Agency
Washington, DC 20305-1000

894 21 01 2



Destroy this report when it is no longer needed. Do
not return to sender.

PLEASE NOTIFY THE DEFENSE NUCLEAR AGENCY,
ATTN: CSTI, WASHINGTON, DC 20305-1000, IF
YOUR ADDRESS IS INCORRECT, IF YOU WISH IT
DELETED FROM THE DISTRIBUTION LIST, OR IF THE
ADDRESSEE IS NO LONGER EMPLOYED BY YOUR
ORGANIZATION.

.



DISTRIBUTION LIST UPDATE

This mailer is provided to enable DNA to maintain current distribution lists for reports. We would
I appreciate Your providing the requested information.

Add the individual listed to your distribution list.

7Delete the cited organ ization/individual.

I..Change of address.

INAME. _

I ORGANIZATION _ _ _ _ _ _ _ _ __ __ _ _ _ _

OLD ADDRESS CURRENT ADDRESS

ITELEPHONE NUMBER: L~-______________________

D SUBJECT AREA(s) OF INTEREST:
U-

<I
0jZI

L)
DNA OR OTHER GOVERNMENT CONTRACT NUMBER:_______ _____

ICERTIFICATION OF NEED- ro KNOW BY GOVERNMENT SPONSOR (if other than DNA).

SPONSORING ORGANIZATION:_ _ - - -----.- --

I CONTRACTING OFFICER OR REPR[SENTATIV[: --

SIGNATURE:



ooouos1 -0 O 0 UO12uILjseAA

/A3uaV jeapnfN @SU@IR9O

OOOI-Socoe DO UO12UILsem
lili :NiiV

Aou@V IeaIDfN @su~laCJ
JO12aj!O



T",:AT

REPORT DOCUMENTATION PAGE

!a RE PUR S l-Q LA;6 C, 0' b RE,7RC7IjE VAR',NCS

2SECURITY W51 AS A ON A,: -CIR ST~I ON' OVA LAtIL'I OF REP7

~, OECLAS.' ;..~ - A[:tiived fur -1TI olce iot:r ii Al .1

4 KIFOVA . \N A Q!l 0' NUNTE"11S :t VCN 'ORNO( ORQAIZAl!ON ;IOR, N4;M3EP'A:

6a NAME OF 81 FORIMING ORG,.NIZA lION 6b O CCE Syl'BOI 7a NAME OF V0ONCIO8NG OR ,AN Z 70 -

D(if applicable) Di rector

b( ADDRESS City St~ile, Jflul liP CdJe) 'h ADD4[SS :Ciry, Stare, and lP Code)

.%a iII IC 'ie ', CA1 DI'l)') 1Wll-IllirlIjton F(' '1305-i 000

8a NAME G" oNDNO SPONSOiIC 40: 00TCE 0% 90.. %PCPM'S7Rf2E% DEN7IiA 0% ovi

I l /il3,1 I k o! k DNA1 001-135-C-00212
NDADOTEiS ;Cay StIr and li.P Code) '0t SIRCL or I N IrC EF

VHUGP~iAM *'NQa C '0 ki l8,
ELENN NW NO)N CESO

1 nE (Inchtue Secuw'O CflaS;,carocnl
)!'1A')'i; XC1IAT ND 10NIZATI.' 1-iCRO. IswC'Pi1w. ;WP :I Iu''c~MPA:: oN x'cM xc O'5'*l..

Q FIERSONAL AUTWR'ItS

'I0 TYPE OF RP808 111, ''ME tOVE'iEU) 4 DArE OF REPORT lvear.10or0, a) '5 PAIGE C %7

15 SUPPLEME14TARY %OTA.-ON
:ro-;cco b": t~heC kfenso c lear 0 Aqcncy under RTND'E tRAU Cou .4632D D I

00001 1259045.f/
-) COSA; C-ODES TS 8 SC8Y1iJ TMS (Continue on re'verse if necessary and identifc by block n.,,niber)

IELD GROUP %-e-cOu -Ic~-c IYm Vit[xc.jtti>,cn' Atomic OXYcje,:I
I; I tIli oiL',iii-f C I110q t)CrIco itin

j /l n-'i CrI " ciollI;

\AaSTRACT ;Cwotrue on reverse if necessary and identify by block number)
- 'ILi'' [-,I the e*x i ttinr ,,o oiz Itionl or at01111 ocn''~ byi electron impxoct-.

csnte '0! Liie ri''' ti "r af critical revilew of ex'peemcntoi ,iid theoretical work nr

Jilt 0(c" , -0 t (af-t. i'-' 'o de LII co0)11 le thie moot accurote Md uMIilte out of r§

* ii '' I'' iit . 'm Mi:CU It, 'II I ite Illn he Illc d~l llydhlill~ ween ,

I I, j/ I ' totn! ,1e ."1 . rI ; , ?. i'ii ' (!!; ti ( ,i ) I !j l f o d !; (ti'r !,)I t

th" '3aplut~ MWArK-nI OCNO -OVALl 10 .4 o-, o A

i-tFr 1 ' 4I3 JU 86 o:P'lU 1'IIII1 :e ll',lrt 1, jIt yi-A I " 'l n '-ve l o!

(~juneill] il I I nili

u~r ,r m b~a l tiol it i II It 11dII oI , IoII iIlI IcI 1 1t Il



SECuRI h CLASSIFICATION OF T6I1S PAGE

SECURITY CLASSIFICATION OF THIS PAGEF



SUMMARY

Cross sections for the excitation and ionization of atomic oxygen by electron ini-

pact are presented as the result of a critical review of experiiental and theoretical

work on this subject. An effort has been made to conpile tle inost accurate and

complete set of cross sections available. More than 60 profiles of excitation cross

section versus electron-impact energy are presented. These include transitions to

the forbidden metastable 0(2p4 1 D) and O(2p4 ' S) states, the allowed autoionizing

t( 2p" P) :tatc, rine allowed Rydberg series, and twenty-nine forbidden Rydberv

series. Recommended ionization cross sections for transition:, to the outer-electron

ionization states 0+(-'S'), 0+( 2D"), and 0+(2 P'), to the inner-electron ionization

state 0 +("P), and to the 02+ state are also given. Many of these excitation and
ionization cross sections are based on recently published laboratory measurements.

and differ from previously accepted values by factors of - 2-3, and in a few cases

by up to a factor of 10. The data presented in this report will be useful in calcula-

tions of aeronomical and artificially-induced electron impact on atomic oxygen. an

important component of the upper atmosphere.
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CONVERSION TABLE

Conversion factors for U.S. customary to metric (SI) units of measurement

(Symbols of S1 units given in parentheses in middle column)

Ilo convert from To Multiply by
angstrom (±T) meters (m) 1.000 000 x 10- 1°

atmosphere (normal) kilo pascal (kPa) 1.013 25 x 102

bar kilo pascal (kPa) 1.000 000 x 102
barn meters (1n2 ) 1.000 000 X 10 - 28

British thermal unit
(thermochemical) joule (J) 1.054 350 x 103

calorie (thermochemical) joule (J) 4.184 000
cal (thermochemical)/cm 2  megajoule/m 2 (MJ/, 2) 4.184 000 x 10-2
curie giga Becquerel (GBq)* 3.700 000 x 10'
degree (angle) radian (rad) 1.745 329 x 10-2

degree Fahrenheit (°F) degree kelvin (K) TK (TOF + 459.67)/1L8
electron volt joule (J) 1.602 19 x 10- 19

erg joule (J) 1.000 000 x 10-'

erg/second watt (W) 1.000 000 x 10-'

foot meter (M) 3.048 000 x 10-
foot-pound-force joule (J) 1.355 818
gallon (U.S. liquid) meter3 (m3 ) 3.785 412 x 10- 3

inch meter (m) 2.540 000 x 10- 2

jerk joule (J) 1.000 000 x 10"
joule/kilogram (J/kg) (radiation

(lose absorbed) Gray (Gy)** 1.000 000
kilotons tera joules 4.183
kip (1000 lbf) newton (N) 4.448 222 x I03
kip/inch 2 (ksi) kilo pascal (kPa) 6.894 757 x 103
ktap newton-second/m 2 (N-s/ M 2) 1.000 000 x 102

micron meter (M) 1.000 000 x 10 - 1
rnil meter () 2.540 000 x 10- 5

mile (international) meter (M) 1,609 344 x 103
ounce kilogram (kg) 2.834 952 x 10-2
pound-force (lbf avoirdupois) newton (N) 4.448 222
pound-force inch newton-meter (N-m) 1.129 848 x 10-1
pound-force/inch newton/meter (N/m) 1.751 268 x 102
pound-force/foot 2  kilo pascal (kPa) 4.788 026 x 10-2
pound-force/inch 2 (psi) kilo pascal (kPa) 6.894 757
pound-mass (Ibm avoirdupois) kilogram (kg) 4.535 924 x 10-'
pound-mass-foot 2

(moment of inertia) kilogram-meter 2 (kg-rM2 ) 4.214 011 x 10- 2
pound-mass/foot3  kilogram/meter 3 (kg/in3 ) 1.601 846 x 10'
rad (radiation dose absorbed) Gray (Gy)** 1.000 000 x I0-'
roentgen coulomb/kilogram (C/kg) 2.579 760 x 10'
shake second (s) 1.000 000 x 10-8
slug kilogram (kg) 1.459 390 x 10'
torr (Inm 11g, 00 C) kilo pascal (kPa) 1.333 22 x 10-'

The Becquerel (B<q) is the SI unit of radioactivity: 1 Bq = I event/s.
The Gray (Gy) is the SI unit of absorbed radiation.
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SECTION 1

INTRODUCTION

Electron-impact cross sections of atmospheric gases are needed as input data for

calculations of the chemical and radiative properties of the atmosphere when bom-

barded by electrons from various natural and artificial sources. These sources in-

clud(- auroral electrons from the sun, fast electrons (beta rays) from the fission

products of nuclear bursts, and photoelectrons produced by the ultraviolet and

X-rays from the sun or from nuclear bursts.

At altitudes above about 90 km atomic oxygen is a major atmospheric constituent.

Until recently the available measurements of the cross sections for exciting this gas

to its various electronic and ionic states were quite limited, due to the experimen-

tal difficulties in working with this very reactive species. However, over the last

three years there has been renewed activity in this subject, and several pertinent

experimental papers have been published. This new information has prompted the

present review and compilation, which combines the new data with the older mea-

surements and theoretical results to derive a reasonably complete and accurate set

of cross sections, although some cross sections are still uncertain by a factor of two

or so.

Before discussing in sequence the cross sections for exciting specific electronic states,

it is useful to note some general characteristics of the theoretical calculations and

measurements. Existing theoretical calculations generally have uncertainties of a

factor of 2 or greater, except at electron energies above about 200 eV. However, the-

ory is very useful for extrapolating measurements to high energies, and for obtaining

approximate cross sections where accurate measurements have not been made.

Measurements of the total ionization cross section of a gas by electrical means

are relatively simple and direct. However, measurements of the cross section for

exciting a given electronic state of an atom or ion are more dificult. In atomic
-.cen. two methods have been used. In the optical method, radiation from the

excited state is detected and measured. The biggest problem with this method is

" ' .i i i I | i1



that the bombarding electrons generally excite many higher states, some of which

may radiativelv cascade down to the state of interest, giving an apparent cross

section which is larger than the true direct croqs section in scmc cases the cascade

contribution is known to be small; in others it can be determined by measuring the

intensity of the cascade radiation, although this may lie in an inconvenient spectral

region. Other important limitations of this method are that it cannot measure cross

sections for exciting metastable (nonradiating) states, and, for high-lying radiating

states that also autoionize, it measures only the fraction that does not autoionize.

In addition, until recently absolute calibrations of optical measurements in some

spectral regions have had uncertainties of a factor of 2 or more.

A more direct method of measuring an excitation cross section is to measure the

fraction of the incident electrons that have lost an amount of energy equal to the

excitation energy of the state under consideration. This method, however, is exper-

imentally more difficult, and only with improved techniques in the last few years

has it given accurate results.

Table 1 gives the final states of atomic oxygen transitions considered in this report,

along with the corresponding threshold energies (Moore, 1976). These final states

and threshold energies are also shown in the energy level diagrams given in Figures

1 and 2. The threshold energies for Rydberg excitations, where not available from

measurements, are computed using the well-known formula

R

(n -6)2'

where the subscript n denotes nth state in the series, IV is the ionization energy

(series limit), R is the Rydberg energy, and 6 is the quantum defect for the series.

Values of W1 are listed in Table 1, and values of 3 for the Rydberg series considered

in this report, obtained from Jackman et al. (1977), are given in Table 2. In all

cases the initial state prior to the inelastic electron-scattering is the 2s22p4 3 p

ground state of atomic oxygen. Only transitions to states with angular momentum

orbitals s, sI, s", p, p', p", d, d', and d" (where the unprimed, primed. and double-

primed orbital symbols refer to the 4So, '2D, and 2po ion cores of the excited states

2



of atomic oxygen, respectively) are considered. Electron-impact cross sections for

higher angular momentum states are not available, but theoretical considerations

indicate that they are generally small. For certain sets of high states with similar

electron configurations and energy thresholds, such as the O(4d' 3 F0) and O(4d'
3 G°) states, we present only the sum of the cross sections, and use the notation

O(4d' 3FG°) to refer to this sum. The cross sections as a function of electron-

inipact energy are presented in both graphical and tabular form, with inclusion of

formulas in the tables for extrapolating these values to higher energies.

In an earlier report Slinker and Ali (1986), in connection with a calculation of exci-

tation and electron energy loss in bombarded atomic oxygen, tabulated a number of

electron-impact cross sections for this species. However, this tabulation was based

on older data, much of which has since been superseded. For allowed transitions

many of the new values differ by factors of -, 2-3 from the older cross sections. For

low-lying metastable excitations the new measurements show that the cross section

falls off more gradually with increasing energy in the 10-30 eV range than the E

fall off assumed by Slinker and Ali. New cross sections for higher forbidden transi-

tions that are now available, from both energy-loss and optical measurements, allow

better determination of cascade contributions, leading to cross sections that differ

from the older values by up to a factor of 10. In addition, the earlier tabulation

(lid not include some cross sections now known to be significant, such as the 2p5

'Po excitation. Finally, no information was given on autoionization, which has a

cross section that is - 20(/% of the total inelastic cross section, and has a significant

effect on the relative production of different O + states and on the energy distribu-

tion of the secondary electrons created in the ionization process. Application of the

updated cross sections presented in this report to electron/oxygen-atom scattering

calculations will provide more accurate values for excitation and ionization efficien-

cies, the secondary electron distribution, and the average electron energy lost per

ion pair created.

3



SECTION 2

ELECTRON-IMPACT EXCITATION CROSS SECTIONS

2.1 TRANSITIONS TO NON-RYDBERG STATES.

2.1.1 o( 3 p ) 2p" 1D).

Shyn and Sharp (1986) have made measurements of the excitation Cross sC.ction of

the O(3 p - 2p4 1 D) transition by electron impact at 7, 10, 15, 20, and 30 eV. using

the electron energy-loss technique. These values, with an assigned 50% uncertainty.

are within 20% of the theoretical results of Henry et al. (1969) and Vo Ky Lan et al.

(1972). The theoretical results of Thomas and Nesbet (1975), which are available

for electron-impact energies up to 10 eV, are also within 20% of the measurements at

7 and 10 eV. We fit the experimental data to a generalization of the semi-empirical

formula of Jackman et al. (1977):

=(E W2(1 + E2/W2) 1 E ( , (2)

where a(E) is the cross section in units of cm2 , E is the electron-impact energy

in units of eV, q = 47ra2oR 2 = 6.513 x 10-14 cm 2-eV 2 (a, is the Bohr radius and

R is the Rydberg energy), W is the threshold energy of the excitation in eV, and

F. a, /3, Q and -y are adjustable parameters for use in fitting the formula to the

experimental data. We have added the -- term to the Jackman et al. formula so that

(with Q = 1) the cross section for this transition has an E- asymptotic behavior

at high energies (E > 200 eV) as required for spin-forbidden transitions (Henry et

al., 1969). Using W = 1.96 eV, and the parameters F = 0.012. o = 1. 3 = 2.

and Q = 1 from Jackman et al. (1977), and -y = 0.002, formula (2) yields values

for the O('P . 2p4 'D) cross section that agree well with the theoretical results

for energies lower than 7 eV, and fit the measurements of Shyn and Sharp (1986)
within 30%X. The cross sections computed using formula (2) are shown in Figure 3.

and are tabulated in Table 3.
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2.1.2 O(3 P 2p 4 1S).

Shyn et al. (1986) have measured the cross section of the O(3 P 2p't IS)

excitation at 10, 15, 20. and 30 eV. In these measurements the (irect method of

electron energy-loss was used. While the experimental profile shape in the 10 to

30 eV range closely resembles the theoretical cross-section curves of Henry et al.

(1969) and Vo Ky Lan et al. (1972), the experimental data are greater in magnitude

by a factor of two. Note, however, that the data have a 54% uncertainty. To fit the

excitation cross sections for this transition as a function of electron-impact energy.

we use formula (2) with W = 4.18 eV, F = 0.006, a = 0.5, /3 = 1, Q = 1, and

7 = 0.0004, where the values for a, /, and Q are from Jackman ct al. (1977). Given

the large error bars on the experimental data and the large differences between

the experimental and theoretical cross sections, we have chosen the parameter F

such that a(E) peaks at a value intermediate to the recent measurement and the

theoretical result at 10 eV. Figure 3 and Table 3 present the recommended cross

sections for this transition.

2.1.3 O(3 P ) 2p5 3 P').

The only experimental cross sections for the excitation of O(2p5 'Po) are those

of Vaughan and Doering (1988), obtained from electron energy-loss measurements.

The curve shown in Figure 3 is based on the experimental data at 30, 50, 100, 150,

and 200 eV. We have reduced the measurement at 150 eV by 16% to smooth the

cross section, given the large error bar on this particular datum.

For energies greater than - 200 eV, the excitation cross section for an allowed

transition can be approximated by the formula

o(E) = A + (qF/W) lnEE E =(3) E

where A is a constant, q and IV have been defined in Subsection 2.1.1, and F is the

optical oscillator strength (Jackman et al., 1977). For this transition.

F = 0.070 (Doering et al., 1985), and we choose A = -9.14 x 10 6 cm 2 -eV to
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give a smooth transition to the experimental data at lower energies. The cross

sections are tabulated in Table 3.

2.2 SCALING OF CROSS SECTIONS FOR RYDBERG STATES.

No cross section measurements are available for many of the Rydberg states of

atomic oxygen. For these cross sections we have used a procedure of scaling from

the measured cross sections of related Rydberg states, which is a generalization

of the method of Jackman et al. (1977). These writers used semi-empirical cross

section formulas, and assumed that the shape-controlling parameters in the formulas

are the same for all the states in a given Rydberg series. This is nearly equivalent

to assuming that all of the cross sections have the same shape, but scaled by a

factor. For optically allowed transitions this factor is F/W, where F is the optical

oscillator strength and W is the threshold energy for a given state in the series (see

equation (3)). For forbidden transitions, equation (2) with -Y = 0 holds, and the

F/W scaling holds (except near threshold) when Q = 1. For simplicity, the F/W

scaling was also used for other values of 9, since the relatively small variation in W

among the states in a given Rydberg series makes this a reasonable approximation.

The known cross section for a Rydberg state of quantum number n can be used to

calculate that of another state n' by using the relation

W,. F,
W(E)-= o,,,F (E). (4)

(This relation is not accurate very near the energy threshold, where the curve must

be shifted slightly to give the proper threshold behavior.) In this equation the F,,

values are given by

F. - * -(5)
( 1 - 6)3

where F* is a constant for a given Rydberg series which can be calculated using

the quantum defect (Table 2) and a known optical oscillator strength for allowed

transitions, or the known a,,(E) and equation (2) for forbidden transitions.
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The cross sections for the higher Rydberg states, n > 5, are conveniently summed

by approximating the different thresholds TV,, by a single, intermediate value WA

(W5 + IV)/2, and the sum by an integral (accurate to within a few percent):

-0 00 3 _ )

0'n>5(E) =_E o, u(E) W, Zn -7 ( 3 03E
5 5 W~. (

n=5 n=5

W 3 (3 _-) ' () 6
2WA4(4.5 - 6)2 3 ()(6

In writing equation (6) we have assumed that the n = 3 cross section is the only

cross section available in a given Rydberg series. For some of the Rydberg series

treated in Subsections 2.3, 2.4, and 2.5, however, the n = 4 cross section or optical

oscillator strength is available. In these cases the En > 5 cross section is scaled

from the n = 4 cross section, rather than the n = 3 cross section as done in equation

(6).

2.3 TRANSITIONS TO RYDBERG STATES

WITH AN O+(2s 22p3 4 So) CORE.

2.3.1 O( 3 p - 3s S,).

The only published measurements of these excitation cross sections are the optical

data of Stone and Zipf (1974) which cover the electron-impact energy range of

11-70 eV. Above 25 eV, their data scatter by a factor of two or more about the

mean. Later Zipf and Erdman (1985) determined that these measurements should

be divided by a constant at least equal to 1.34, and possibly as large as 2.8, due to

a re-evaluation of their measurement technique and a better measurement of the-ir

absolute calibration standard. If these data are divided by 2 they agree quite well

with the theoretical calculations of Julienne and Davis (1976) for the excitation

cross section, including cascade contribution. These calculations indicat-, that over

half of the optical cross section is due to cascade contributions, so that the Stone and

Zipf measurements cannot be used alone to determine this excitation cross scction.

Evidence for the accuracy of the Julienne and Davis calculations is provided by their
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value for exciting the 3p 5 p state at 15 eV, which agrees well with the measurement

(see Subsection 2.3.3). Accordingly, we conclude that these theoretical results give

the best values currently available for the excitation cross section of O(P -- 3s
58).

The recommended values are given in Figure 4 and Table 4. For electron-impact

energies E > 50 eV, the approximation

a(E) = (3.88 x 10- 14 cm 2 eV 3 )E - 3  (7)

is used. Equation (7) is consistent with the well known high-energy behavior of

spin-forbidden transitions.

2.3.2 O(3 P - 3s 350).

The O(3 p . 3s 'S°) excitation by electron impact is by far the most widely

investigated of all atomic oxygen transitions. The latest measurements have been

performed by Gulcicek and Doering (1988) and Vaughan and Doering (1986, 1987),

who made electron energy-loss measurements in the 13.87-200 eV range. Previously

Stone and Zipf (1971, 1974) employed optical measurement techniques and obtained

larger values due to systematic errors and cascade contributions from higher states:

however, the measurements were later lowered by 64% (Zipf and Erdman, 1985).

According to Vaughan and Doering the revised optical cross sections of Zipf and

Erdman, less reasonable cascade contributions, will yield values similar to theirs

for impact energies greater than 30 eV; below 30 eV the agreement is not as good,

the new measurements being roughly a factor of 1.2 larger than the optical data

after cascade corrections are applied. The theoretical cross sections of Julienne and

Davis (1976) and Rountree and Henry (1972) scaled upward by factors of 1.6 and

1.3. respectively, closely match the recent measurements. The theoretical results of

Sawada and Ganas (1973) and Smith (1976) differ in variation with energy as well

as magnitude from the recent measurements.

Thus the measurements of Gulcicek and Doering (1988) and Vaughan and Do-

ering (1986. 1987) are in line with previous work. Assuming that tcchnological
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advances over the years have produced a better laboratory apparatus, the newest

measurements are preferred. The curve shown in Figure 4 is a hand fit of the data:

corresponding values are listed in Table 4. For impact energies greater than 200 eV.

the cross sections are obtained from formula (3), where F = 0.048 (Doering et al..

1985) and A = -8.69 x 10-16 cm 2-eV.

2.3.3 O(3 p ) 3p 5P, 3p 3 P).

Gulcicek et al. (1988) and Gulcicek and Doering (1987) report for the first time di-

rect measurements of the excitation cross section for the O(3 P - 3p 'P) transition

in the 13.87-30 eV range. Their results are fairly close to the calculated values of

Julienne and Davis (1976). The semi-empirical cross section of Dalgarno and Leje-

une (1971), which has a peak value of 1.7 x 1018 cm 2 at 15 eV, is approximately

25% smaller than the experimental value.

We have used the direct measurements as a basis for constructing a cross-section

profile versus electron-impact energy for the O(aP ) 3p 5 P) transition. This is

shown in Figure 5; values are given in Table 5. For energies greater than 30 eV the

following approximation is used:

a(E) = (1.81 x 10- 14 cm 2 eV 3)E - . (8)

Gulcicek et al. (1988) and Gulcicek and Doering (1987) also report direct measure-

ments of the o(aP -- 3p 3P) cross section in the 13.87-100 cV range. Gulcicek et

al. write that optical data of E. C. Zipf, which includeexperimentally-deternined

corrections for cascading, support these measurements for electron-impact energies

greater than 30 eV (from a private communication between Gulcicek et al. and

E. C. Zipf). The theoretical cross section of Julienne and Davis (1976) at 20 eV

is 26X less in magnitude than the latest measurement. The semi-emnpirical cross

section of Dalgarno and Lejuene (1971) is about a factor of 10 lower than the new

measutrements.
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Figure 3 and Table 5 give the recommended values for the O('P 3 :'P) cross

sectiol, based on the experimental results. For E > 100 eV,

o(E) = (1.10 x 10-16cm 2 eV)E- ' (9)

is a valid approximation for these electric quadrupole transitions.

2.3.4 O('P - 3d 5D0. 3d 3 DO).

No experimental data on the O( 3 p 3d 5D') cross section as a function of

electron-impact energy are available, as is the case for many of the atomic oxygen

Rydberg states. We therefore use equation (2), with 1V = 12.07 eV, or 1, "3 = 2,

Q= 3, and F = 0.2/(3 - 0.01)3 = 0.007 (Jackman et al., 1977), and " 0. This

cross section is plotted in Figure 5; corresponding values are given in Table 5.

Recent measurements of the O( 3 P 3 d 3 D°) excitation cross section at electron-

impact energies of 30, 50, and 100 eV, by the method of electron energy loss, are

reported by Vaughan and Doering (1988). Their results agree with the optical cross

sections of Zipf and Erdman (1985) within experimental error except at energies

greater than - 80 eV where Vaughan and Doering's data fall off more rapidly

with increasing energy. Vaughan and Doering suggest that this is because cascade

contributions in the optical measurements become progressively more important at

higher energies: they do not, however, speculate on the identities of the cascade

states. Zipf and Erdman, on the other hand, point out that their optical cross

sections probably contain cascade contributions from iif 'F states which iiay I),

significant below 50 eV.

We have decided to adopt the measurements of Vaughan and Doering (1988) for

the O(3 P 3d :3 D ) cross section. The cross section is shown in Figure 5, and

values are talulated in Table 5. For elect ron-ilntpact energies greater than 100 eV

we approximate the cross section using formula (3) with F = 0.019 (Doering cf. al.,

1985) and A = -2.98 x 10 - 16 cm 2'-eV.
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2.3.5 Transitions to O+(4S")-Core Rvdberg States with i = 4.

For excitation to the 4s 5S Rydberg state the quantum defect method outlined in

Subsection 2.2 is used. We find that this cross section is 20% of the 3s 5So cross

section. The O(3 p 4, 5S0) cross section is given in Figure 6 and Table 6.

We scale the O(3 P - 3s .35) cross section by

11 3 _4 (9.51 eV)(0.01)

WIVF 3  (11.92 eV)(0.048)

in order to obtain the O(3 P -- 4s 3S,) cross section, where the optical oscillator

strengths. F3 and F4. for the n = 3 and n = 4 states, respectively, have been

measured by Doering et al. (1985). Note that if we had used equation (5) instead of

the measured value for F.4. the required scale factor would be overestimated by 28/,.

thus indicating the limitations of the quantum defect method for this transition.

Values for this cross section as a function of electron energy are given in Figure 6

and Table 6.

The excitation cross section for the 4p 5 P Rydberg state is calculated using equa-

tions (4) and (5). This cross section is 28% of the 31; 5 P cross section. The results

are given in Figure 7 and Table 7.

Equations (4) and (5) are also used to obtain the cross sections for the 4p 3 p

1Rydi)erg state from the , = 3 cross section. Accordingly, the scale factor is 0.30.

This cross section is shown in Figure 7 and listed in Table 7.

The 0()P ---_ 4d 'D') cross section is obtained using equation (2). with

IV = 12.74 eV. n 1..5 = 2. 2 = 3. and F = 0.2/(4 - 0.01) 3 = 0.003 (Jackmnai

:t al.. 1977). and 0. This cross section is plotted in Figure 7: correspon(ding

vlhues are given ill Tablc 7.

Excitation cross-section niieaslureinents of the ( 3 p Ild : ID) Ry(lberg transi-

tions for i = 4. 5. and 6 have beeni made at 30. 50. and 100 eV, and the cross section

for tie O(P ---4 7d ' D0 ) transition has been measured at 100 eV ( Vaughan and
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Doering, 1988). The ii > 4 profiles of cross section versus electron-impact energy

are of similar shape, and are distinctly more sharply peaked than the n = 3 case

(see Subsection 2.3.4). \We therefore fit a curve to the 12 = 4 data (see Figure 7 and

Table 7). and assume that its shape will be the same for all higher flydberg transi-

tions in this series. From the optical oscillator strength F 4 = 0.016 (Doering ct al..

1985). the corresponlding energy threshold (given in Table 1). and the measurement

at 100 eV. the n = 4 cross section for electron energies greater than 100 eV can be

approximated using formula (3) with A = -3.06 x 10 3 cm 2 -eV.

2.3.6 Transitions to O+( 4 S)-Coire Rydberg States with 7? > 5.

For excitations to the n > 5 states of the ns 5S' Rydberg series, equation (6)

requires that the En > 5 cross section is 18% of the 3s 5S cross section. This cross

section is given in Figure 8 and Table 8.

For the sum of the cross sections of the n > 5 states in the n s 'S' Rydberg series.

we scale the O('P -+ 4s 'S0) cross section by

V4 (4 - 6)3 (11.92 eV)(4 - 1.16)3

2IVA(4.5 - 6)2 2(13.15 eV)(4.5 - 1.16)2 0.93. (11)

Values for this cross section as a function of electron energy are given in Figure 8

and Table 8.

The sum of the cross sections for the n > 5 states of the np 5 P Rydberg series is

calculated using equation (6). It is found to be 31% of the 3p 'P cross section. This

cross section is graphed in Figure 9 and tabulated in Table 9.

From equation (6). we find that the composite cross section for the o > 5 states

of the lip 'P Rydberg series is 35'X of the 3p 'P cross section. The Ell > 5 cross

section for this series is given in Figure 9 and Table 9.

We obtain the O('P ; E(n > 5)id 5D') cross section using equation (2), with

I" = 13.33 eV from Table 1, n = 1, 3 = 2, Q = 3. and F = 0.2/(2(4.5 - 0.01)2)

0.0015 (.ackman et al.. 1977), and 0. The expression for F is coisistein with the
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quantumn defect method discussed in Subsection 2.2. This cross section is plotted

in Figure 9: corresponding values are given in Table 9.

For a,,> 5(E) of the rid 3 D' Rydberg series, we scale the 4d :'D' data using an

equation similar to equation (6):

-(4 _ )
r5 2'"(4.5 _ 6 ) 2 - 4

(12.75 eV)(4 - 0.01)3 ,_(
2(13.33 eV)(4.5 - 0 0 1 )2 a4 (E) (1.5)a(E). (12)

The data show that this method of approximation gives cross sections within exper-

imental error up to n = 7 in the series. Figure 9 and Table 9 give the recommended

values for the this cross section.

2.4 TRANSITIONS TO RYDBERG STATES

WITH AN O+(2s 2 2p 3 2 DO) CORE.

2.4.1 O(3p - + 3s' 3Do, 3s' iD', 3p' 3PDF, 3p' 'PDF).

Electron energy-loss measurements of the O(3 P o 3s' 3 DO) excitation cross sec-

tion have been made by Vaughan and Doering (1987) and Gulcicek and Doering

(1988) in the 20-200 eV range. In the latter work a new value for the electron-impact

cross section at 20 eV, measured following improvements to the experimental ap-

paratus for near-threshold energies, is reported which replaces the 20 and 25 eV

values of the former work. These data are a factor of three lower than the optical

cross sections reported by Zipf and Erdman (1985); however, the profile shapes are

similar. Vaughan and Doering write that, based on the assumption that cascade

contributions to the optical cross sections of Zipf and Erdman arc 25, or less. a

reduction in the Zipf and Erdman values by a factor of two would be needed to

make the values consistent with their own measurements. As a result of their anal-

ysis of mid-latitude dayglow data obtained from rocket measurements, Gladstone et

al. (1987) came to the similar conclusion that the Zipf and Erdman values should

be reduced by a factor of - 2-3 in order to explain their observations using the
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1173-.k/989-A branching ratio measured by Morrison (1985) and Erdman and Zipf

(1986). In addition Gladstone et al. (1987) also cite other airglow studies, over a

wide range of aeronomical conditions, that also require a reduction in the Zipf and

Erdman cross sections to bring the models into agreement with the observations.

Note that Meier (1982) required a cross section of 8.4 x 10-18 cm 2 at 25 eV in

order to explain rocket observations of the 989 A dayglow under optically thick

conditions, but this was based on a model value of the 7990-A/989-A branching
ratio shown later by Erdman and Zipf (1983) to be too large by more than an order

of magnitude.

We therefore recommend that the new measurements be used. A hand interpolation

of the data from threshold to 200 eV is shown in Figure 10, and numerical values

are tabulated in Table 10. For E > 200 eV the cross section is approximated by

formula (3) with F = 0.061 (Doering et al., 1985) and A = -1.145 x 10- 15 cm 2-eV.

No measured cross sections for transitions to the 3s' 1D', 3p' 3 PDF, and 3p' 'PDF

states (where the P, D, and F cross sections for a given spin have been added

due to their similar thresholds and theoretical high-energy behaviors, resulting in

a composite PDF cross section) are available. However, Jackman et al. (1977)

have estimated values for these excitations which can be calculated using equation

(2) (with -y = 0). For 3s' I D', W = 12.72 eV, a = 1, 3 = 2, Q = 3, and

F = 0.2/(3 - 1.18)' = 0.033. For 3p' 3 PDF, W = 14.06 eV, a = 2, 0 = 1, Q2 = 1,

and F = 0.1/(3 - 0.84)' = 0.01. And for 3p' 1PDF, W = 14.20 eV, a = 1, / = 1,

Q = 3, and F = 0.04/(3 - 0.83) 3 = 0.004. These cross sections are plotted in Figure

10 and listed in Table 10.

2.4.2 O(3 P - 3d' 3S", 3d' 3 p0, 3d' 3 De, 3d' 3 FGO, 3d' ISPDFGO).

There are currently no measured cross sections available for excitation to the 3d' 3So

3d' 3 p', and 3d' 3 D' states; however, Vaughan and Doering (1988) have measured

the O( 3p ) 4d' 3 p0) cross section using the electron energy-loss method. We

make the assumption that the O( 3P - 3d' 3 p,) cross section is related to the
O( 3P ) 4 d' 3p,) cross section by a scale factor. Then using the quantum defect

method (as explained in Subsection 2.2) and the quantum defect 6 = 0.04 given by
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Jackman et al. (1977) for this Rydberg series, the scale factor is given by

WV4(4 - b)3 _ (16.08 eV)(4 - 0.04)3 2.51, (13)
TlV3(3 - 6)3 (15.36 eV)(3 - 0.04 ) 3

where 1V3 and 914 are the threshold energies for the n = 3 and n = 4 states, respec-

tively, given in Table 1. The O( 3P ) 3d' 3p,) cross section is presented in Figure

11 and in Table 11 as a function of electron-impact energy. For E > 200 eV the
O(3 P o 3d' 3po) cross section is approximated by letting F = 0.0077 (Jackman

et al., 1977) and A = 2.71 x 10- 16 cm 2 -eV in formula (3). We furthermore make the

assumption that 3 S' and 3 D' cross sections are related to the 3 o cross section by

scale factors, and use the optical oscillator strengths 0.0065 and 0.0052 for the 3 So

and 3 D' states, respectively (Jackman et al., 1977), as relative weights. The result-

ing 3 S' and 'D' cross sections are also plotted in Figure 11, with corresponding
values presented in Table 11.

No mcasured cross sections have been reported for transitions to the 3d' 3 FG° and

3d' iSPDFG states. The estimates of Jackman et al. (1977) are therefore used,

namely, equation (2) (with -y = 0) and the following parameters: for 3d' 3 FGO,

W = 15.39 eV, a = 2, /9 = 1, Q = 1, and F = 0.1/(3 - 0.04) 3 = 0.004; for 3d'

ISPDFGO, W = 15.40 eV, a = 1, /3 = 2, Q = 3, and F = 0.2/(3 - 0.04)3 = 0.008.

These cross sections are plotted in Figure 11 and listed in Table 11.

2.4.3 Transitions to O+( 2Do)-Core Rydberg States with n = 4.

The O(3 P -* 4s' 3D') cross section is obtained using equations (4) and (5), and

data from Tables 1 and 2; it is found to be 22% of the O(3 P - 3s' 'DO) cross

section. The results are presented in Figure 12 and Table 12.

The cross sections for transitions to the 4s' 'D', 4p' 'PDF, and 4p' 1PDF states

are obtained from the estimates of Jackman et al. (1977). We therefore use equation

(2) (with -y = 0) and the following: for 4s' 1D', W = 15.22 eV. a = 1, 3 = 2, Q = 3,

and F = 0.2/(4 - 1.18) 3 = 0.009; for 4p' 3PDF, W = 15.59 eV, a = 2, 3 = 1,

Q = 1. and F = 0.1/(4 - 0.84)3 = 0.003: and for 3p' 'PDF. W1 = 15.58 eV, a = 1.
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= 1, Q = 3, and F = 0.04/(4 - 0.83) 3 = 0.0013. These cross sections are plotted

in Figure 12 and listed in Table 12.

Vaughan and Doering (1988) have measured the O('P l 4d' apo) cross section

at 30, 50, 100, 150, and 200 eV, using the electron energy-loss method. As done

in Subsection 2.4.2 the relative optical oscillator strengths for the nd' 'S', nd'
3 p' and nd' 3 D' states given by Jackman et al. (1977) are used to determine

the magnitudes of the 0 ('P -+ 4d" 3S) and oP 4d' 3D) cross se-¢ctions,

under the assumption that the variation of the cross section with electron energy

is the same for all three series. In Figure 13 and Table 13 values for the summed

o(aP -- 4d' aSPD) cross sction are presented. For E > 200 eV this total

cross section is given by formula (3) with F = 0.008 (Jackman et al., 1977) and

A = 2.72 x 10-16 cm 2-cV.

Using equation (2) (with - = 0), the 4d' 'FG cross section is obtained with

W = 16.07 eV, a = 2, /3 = 1, Q = 1, and F = 0.1/(4 - 0.04)3 0.0016, and the

4d' "SPDFG' cross section is obtained with W = 16.07 eV, a = 1, /3 = 2, Q = 3,

and F = 0.2/(4 - 0.04)' = 0.0032 (Jackman et al., 1977). These cross sections are

plotted in Figure 13 and listed in Table 13.

2.4.4 Transitions to O+( 2 Do)-Core Rydberg States with n > 5.

The O(3p -- E(n > 5)ns' 3D') cross section is 20% of the corresponding n = 3

cross section, according to equation (6). This cross section is given in Figure 14 and

Table 14.

The E(n > 5) ns' 1D', E(n > 5) np' 3PDF, and E(n > 5) np' IPDF cross sections

are computed using equation (2) (with 1 = 0) and the following: for ns' 'Do,
W1' = 16.47 eV, a = 1. /3 = 2, Q = 3, and F = 0.2/(2(4.5 - 1.18)') = 0.009; for rp'

'PDF. TV = 16.54 eV, a = 2, ,3 = 1. Q = 1, and F = 0.1/(2(4.5- 0.84)2) = 0.0037;

and for np' 'PDF, W = 16.54 eV. a = 1, 13 = 1, Q = 3, and F = 0.04/(2(4.5 -

0.83)2) = 0.0015 (Jackman et al., 1977). These cross sections are presented in

Figure 14 and Table 14.
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The O(3 P - E(n > 5)nd' 3 SPD) cross section is obtained by multiplying the

O(3 p - 4d' 3 SPD0) cross section by the scale factor

I t'(4 - 6)3 (16.08 eV)(4 - 0.04) _== 1. 5; (14)
2WA(4.5 - 6)2 2(16.65 eV)(4.5 - 0.04)2

values for this cross section are given in Figure 15 and Table 15.

Using equation (2) (with ' 0), the E(n > 5) nd' 3 FG cross section is obtained
with W = 16.65 eV, a = 2, / = 1, Q = 1, and F = 0.1/(2(4.5 - 0.04)2) = 0.0025.

and the E(n > 5) nd' 1SPDFG cross section is obtained with W = 16.66 eV,

a = 1, 3 = 2, Q = 3, and F = 0.2/(2(4.5 - 0.04)2) = 0.005 (Jackman et al., 1977).

These cross sections are plotted in Figure 15 and listed in Table 15.

2.5 TRANSITIONS TO RYDBERG STATES

WITH AN O+(2s 2 2p 3 2 po) CORE.

2.5.1 O( 3 p 3s" 3 P', 3s" 1Po, 3 p" 3 SPD, 3p" 'SPD).

Excitation cross sections for the O(3p - 38" 3 Po) transition, measured by
Vaughan and Doering (1988) using the electron energy-loss technique, are available

in the 30-200 eV range. Upon comparison of these data with the optical cross sec-

tions of Zipf and Kao (1986) we find that the optical measurements overestimate the
direct results, by a factor of -- 2 at the peak of the cross section at 50 eV, and that

the optical measurements fall off more slowly with increasing energy compared to

the direct measurements. Vaughan and Doering conclude that these differences are

due to cascading and perhaps other experimental difficulties as well. A reduction in

the emission/autoionization branching ratio by 15%, as allowed by the uncertainties

of the branching ratio measurement (Dehmer et al., 1977), coupled with a reason-

able estimate of the cascade contribution (e.g., 25% of the optical measurement),

is still not enough to account for the discrepancies between the direct and optical

cross sections.

The recent measurements, which are recommended, have been fit. to a curve by

hand. The resulting profile for this transition is shown in Figure 16; Table 16 gives
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the recommended values. For E > 200 eV the cross sections are given by formula

(3) with F = 0.086 (Doering et al., 1985) and A = -1.17 x 10 - 5 cm 2 -eV.

The 3s" 'Po. 3p" 'SPD, and 3p" 'SPD cross sections are computed using equation

(2) (with,, = 0) and the following: for 3s" 1P', IV = 14.36 eV, a = 1, 0 =_ 2,

Q= 3, and F = 0.2/(3 - 1.19)3 = 0.034; for 3p" 3SPD, tV = 15.77 eV, a = 2,

3 = 1, Q 1, and F = 0.1/(3 - 0.86)3 = 0.01; and for 3p" 'SPD, IV = 15.99 eV,

a = 1, 3 1, Q = 3, and F = 0.04/(3 - 0.85)3 = 0.004 (Jackman et al., 1977).

The 3s" Ipo cross section is given in Figure 16 and Table 16; the other two cross

sections are presented in Figure 17 and Table 17.

2.5.2 O(3 p -- 3d" 'PO 3d" 3 Do, 3d" 3 FO, 3d" 'PDFO).

No measurements of the O('P -- 3d" 'po aDo) cross sections are available to our

knowledge; therefore, we use the semi-empirical cross section formula for optically-

allowed transitions of Jackman et al. (1977), given by

(E) [I _(W)] T(4C e) (15)()-W-E In E + ),

where a, E, q, W, a, and f3 have been defined in Subsection 2.1.1; e is the base

of the natural logarithm; F is the optical oscillator strength; and C is an empir-

ical parameter. For these excitations W = 17.09 eV, a = 1.26, 3 = 0.490, and

C = 0.610; for the 'p0 state, F = 0.008, and for the 'D' state, F = 0.006 (Jack-

man et al., 1977). The 'P' and aD' cross sections are plotted as a function of

electron-impact energy in Figure 18; corresponding values are given in Table 18.

We might mention here that an attempt was made to fit by this formula the cross

sections of the other allowed transitions for which good experimental data are avail-

able. For the o(ap -- 3s" 'Po) cross section the fit is fairly good, using F = 0.086

(Doering et al., 1985) and the other parameters from Jackman et al. (1977), but

for all other cross sections considered, no good fit could be obtained.

The 3d" aFO and 3d" 'PDF0 cross sections are obtained using equation (2) (with

-y = 0) and the following: for 3d" 'FO, W1, = 17.09 e'v, a = 2, 3 = 1, Q = 1, and
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F = 0.1/(3 - 0.05) 3 = 0.0039; and for 3d" lPDFO, W = 17.09 eV, a = 1, 0 = 2,

Q = 3, and F = 0.2/(3-0.05) 3 = 0.008 (Jackman et al., 1977). These cross sections

are given in Figure 18 and Table 18.

2.5.3 Transitions to O+(2 P°)-Core Rydberg States with n = 4.

The O( 3 p - 4s" 3Po) cross section is obtained by scaling the corresponding n = 3

profile using equations (4) and (5), and data from Tables 1 and 2. The scale factor

for the n = 4 cross section is 0.22. The resulting cross section is given in Figure 19

and Table 19.

The 4s" Ipo, 4p" 3SPD, and 4p" I SPD cross sections are computed using equation

(2) (with -y = 0) and the following: for 4s" Ipo, W 16.90 eV, a 1, /3 2,

= 3, and F = 0.2/(4 - 1.19) 3 = 0.009; for 4p" 'SPD, W = 17.24 eV, a = 2,

3 1, fQ 1, and F = 0.1/(4 - 0.86)' = 0.003; and for 4p" 1SPD, W = 17.25 eV,

a 1. /3 1, Q = 3, and F = 0.04/(4 - 0.85)' = 0.0013 (Jackman et al., 1977).

These cross sections are plotted in Figure 19; values are tabulated in Table 19.

For the O( 3p - 4d" 3PDO) cross section, we use the semi-empirical formula of

Jackman et al. (1977), together with equation (5) for the F value. The result

becomes

0E4E(4- 3  (- ) n] -- 4 +e). (16)

In formula (16): F* = 0.360 (Jackman et al., 1977); a, /, and C are the same as

for the n = 3 cross section; W 4 is given in Table 1; and 6 is given in Table 2. This

c:ross section is plotted in Figure 20 and tabulated in Table 20.

The 4d" 3F' and 4d" IPDF cross sections are obtained using equation (2) (with

= 0) and the following: for 4d" 3FO, IV = 17.77 eV, a = 2, ,3 = 1, Q = 1, and

F = 0.1/(4 - 0.05) 3 = 0.0016: and for 4d" IPDF° , TV = 17.77 eV, a = 1, 3 = 2,

Q = 3. and F = 0.2/(4 - 0.05) 3 = 0.0032 (Jackman et al., 1977). These cross

sections are given in Figure 20 and Table 20.
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2.5.4 Transitions to O+( 2 Po)-Core Rydberg States with n > 5.

The O(3 P - E(n > 5)ns" 3 p,) cross section is obtained by scaling the n = 3

profile using equation (6), and data from Tables 1 and 2. The scale factor that

results is 0.20 for this set of states. This cross section is presented in Figure 21 and

Table 21.

The E(n > 5) ns" ipo E(n > 5) np" 3SPD, and E(n > 5) np" 1SPD cross

sections are computed using equation (2) (with -y = 0) and the following: for 7s"

'po, V = 18.16 eV, a = 1, /3 2, Q = 3, and F = 0.2/(2(4.5- 1.19)2) = 0.009:

for np" 3 SPD, V = 18.22 eV, a = 2, 3= 1, Q = 1, and F = 0.1/(2(4.5-

0.86)2) = 0.0038; and for np" 1SPD, TV 18.22 eV, a = 1, /3 = 1, Q = 3, and

F = 0.04/(2(4.5- 0.85)2) = 0.0015 (Jackman et al., 1977). These cross sections are

given in Figure 21 and Table 21.

For the O(3 P - E(n > 5)nd" 'PDO) cross section, we use the following semi-

empirical formula of Jackman et al. (1977):

, >5 (E) - 2WAE(4.5 - 6)2 1 - I] E -n , (17)

where F*, a, /3, and C are the same as given in the previous subsection, 11' is

given in Table 1, and 6 is given in Table 2. This cross section is shown in Figure 22

and tabulated in Table 22.

The E(n > 5) nd" 3 F0 and E(n > 5) nd" 'PDF cross sections are computed

using equation (2) (with -y = 0) and the following: for nd" 3F', TV = 18.35 eV,

o -2, 3 = 1, Q = 1, and F = 0.1/(2(4.5 - 0.05)2) = 0.0025; and for nd" IPDF°.

V = 18.35 eV, a = 1, /3 = 2, Q = 3, and F = 0.2/(2(4.5-0.05)2) = 0.005 (Jackman

et al., 1977). These cross sections are given in Figure 22 and Table 22.
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SECTION 3

ELECTRON-IMPACT IONIZATION CROSS SECTIONS

3.1 SINGLE IONIZATION.

For the single-ionization cross section of atomic oxygen, we use the measurements

of Zipf (1985) and Brook et al. (1978). The data of Zipf, which cover the 40-300 eV

impact energy range, are in very good agreement with the values of Brook et al.,

which extend from threshold to 1000 eV. Moreover, according to Zipf, the absolute

magnitudes of these data have an accuracy in the ±5-10(( range. The Brook et al.

cross sections are recommended by Bell et al. (1983).

We allow branching to four different ion states: the usual outer-electron ionization

states 4S', 2D' and 2o, and the inner-electron ionization state 2s2p4 4 P. For

the 4 p state, we use the optical cross-section measurements of Zipf et al. (1985a;

1985b), which are in good agreement with the theoretical cross sections of Peach

(1970). The branching ratios for direct ionization to the remaining three states of
0+ were calculated from theoretical ionization cross sections given by Peach (1968;

1971), and these were used to scale the experimental ionization cross section (af-

ter subtracting the 4 P and autoionization [see Section 4] contributions) to give the

corresponding partial ionization cross sections. To these we must add the autoion-

ization contribution, which we have assumed goes entirely into the O+(4S') cross

section, since most of the autoionizing states do not have large enough energies to

excite the higher 0+ states.

The results are shown in Figure 23 and tabulated in Table 23. Note that for impact

energy E > 1000 eV we approximate the single-ionization cross section with the

formula

A+ B lnE(E) - £ (18)

The parameters A = -4.31 x 10-14 cm 2 -eV and B = 1.32 x 10" 1 cm 2 -eV give
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a reasonable high-energy fit. The branching ratios to the 4 S o, 2 D o, 2po, and 4 p

states for E > 1000 eV are 0.36, 0.30, 0.17, and 0.18, respectively.

3.2 DOUBLE IONIZATION.

The cross section for doubly-ionizing atomic oxygen is only about 1 percent of
the single-ionization cross section at 75 eV and about 4 percent at energies above
150 eV (Zipf, 1985). However, in some problems it still needs to be considered. We
recommend use of the cross section measurements of Zipf (1985), which extend up

to 300 eV. These measurements, with an accuracy of +5-10%, are consistent with
the data of Ziegler et al. (1982).

For E > 300 eV, the double-ionization cross section is approximated by formula (18)
with A = 6.60 x 10-16 cm 2 -eV and B = 1.06 x 10 - 16 cm 2 -eV. The recommended
values are shown in Figure 24 and tabulated in Table 24.
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SECTION 4

DISCUSSION

WVe have compiled a set of updated electron-bombardment cross sections for es-

sentially all of the atomic oxygen excitation and ionization processes of practical

interest.

In electron-impact calculations involving excitation and ionization, it is often im-

portant that autoionization be taken into account. The ionization cross sections

given in Figure 23 already include autoionization contributions and therefore these

must be removed from the excitation cross sections in order to avoid overestimat-

ing the total inelastic cross section. The total excitation cross sections, both with

and without autoionization contributions, and the ionization cross sections recom-

mended in this report are plotted in Figure 25 and tabulated in Table 25. The

autolonizing excited-states of atomic oxygen and associated autoionization factors

(i.e.. branching ratios for ionization) are listed in Table 26. The autoionization

factors given for the 2p5 3 po, 3d' 3 p0, and 3s" 3po states were computed by tak-

ing a statistically-weighted mean of the autoionization factors given for each 'P'

fine-structure level by Dehmer et al. (1977). The errors for these data are at least

±15%, and possibly larger. The autoionization factors for the remaining autoion-
izing states were obtained from Jackman et al. (1977); although the uncertainties

associated with these numbers were not given, we surmise that they are larger than

± 15%7(.

In Figure 25 the values used in the report by Slinker and Ali (1986) are also plot-

ted for a quick overall comparison. The two sets of total ionization cross sections

agree very well. since the recent measurements have differed only slightly from the

older measurements. The differences between the total excitation cross sections are

greater, but still within a factor of 2. These differences between the total excita-

tion cross sections are considerably smaller than the differences between many of

the individual cross sections because some of the the latter have been corrected

11Ivard an(l some downward. However, in most applications it is not just the total
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excitation and ionization cross sections that matter, but also the branching ratios.

The revised branching ratios presented in this report will have important effects

on the relative production of different excited states and on the secondary electron

distribution obtained in elect ron/oxygen scattering calculations.
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Table 1. Excited and ionized states of atomic oxygen

included in this report.

Final state Threshold (eV) Final state Threshold (eV)

O('D) 1.96 O(4d' ISPDFG) 16.07

O( 1 S) 4.18 O(ns' 3 D") 16.46*

O(ns' 1DO) 16.47*

0(2p5 3 po) 15.65 O(np' 3 PDF) 16.54*

O(np' 1PDF) 16.54*

O(3s 5S') 9.14 O(nd' 3SPD') 16.65*

O(3s 3So) 9.51 O(nd' aFGO) 16.65*

O(3p 'P) 10.73 O(nd' 1SPDFG° ) 16.66*

0( 3 p 3 P) 10.98

O(3d 5 DO) 12.07 O(3s" 3
pa) 14.11

O(3d 3 DO) 12.08 O(3s" 1PO) 14.36

O(4s sSO) 11.83 O(3p" 3 SPD) 15.77

O(4s 3 So) 11.92 O(3p" 1SPD) 15.99

O(4p 'P) 12.28 O(3d" 3 po, 3 DO) 17.09

O(4p 3p) 12.35 O(3d" 3 F0) 17.09

O(4d 5 Dm) 12.74 0(3d" lPDFO) 17.09

0(4d 3 DO) 12.75 0(4s" 3 po) 16.81
O(ns 5 S) 13.13* O(4s" 1pO) 16.90

O(ns aSO) 13.15* O(4p" 3 SPD) 17.24

O(np 'P) 13.22* 0( 4p" 1SPD) 17.25

O(np 3 p) 13.24* O(4d" 3PDO) 17.77

O(nd 'DO) 13.33* O(4d" 3 F°) 17.77

O(nd 3 DO) 13.33* 0(4d" 1PDFO) 17.77
O(ns" 3 po) 18,15*

O(3s' 3 D0) 12.53 O(ns" 1 PO) 18.16*

O(3s' IDO) 12.72 O(np" 3 SPD) 18.22*

O(3p' 3 PDF) 14.06 O(np" 'SPD) 18.22*

O(3p' ' PDF) 14.20 O(nd" 3 PD0) 18.35*

0(3d' 3 So, 3
po 

3 DO) 15.36 O(nd" 3 FO) 18.35*

O(3d' 3 FG°) 15.39 O(nd" IPDFo) 18.35*

O(3d' 1SPDFG° ) 15.40

O(4s' 3 D-) 15.17 o+( 4 s " ) 13.61

O(4s' 1D') 15.22 O+(2 DO) 16.93

O(4p' 3 PDF) 15.59 O+(2 jP) 18.63

(4p' 1)F) 15.58 o+( 4 po) 28A9
0(4d, 3,SPD° ) 16-08

O(,ld' 3 F(;,) 16.07 0 +  48.77

* Average energy of n 5 and =co (ionization limit) states
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Table 2. Quantum defects for Rydberg excitations.

Adapted from Jackman et al. (1977).

Ry, lberg state 6

ns 5S°  1.24

ns 3s° 1.16

np 5P 0.81

np 3p 0.69

nd 5D0 0.01

nd 3Do 0.01

ns' 3 Do 1.21

ns' 1Do 1.18

np' P, 3 D, 3F 0.84

np' 1 P, 1D, "F 0.83

nd' 3 S°, 3po, 3 Do, 3 FO aGo 0.04

nd' 'So, 1Po, 1DO, 'F o, 1Go 0.04

ns" 3po 1.25

ns" 1 Po 1.19

np" 3 S, 3 p, 3 D 0.86

np" IS, 1 P, 'D 0.85
nd" 3 po, 3 DO, 3 FO 0.05

nd" 'Po, FDO'FO 0.05
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Table 3. O(3 P - 2p 4 'D, 2p 4 IS, 2p 5 3 po) excitation cross sections.

Electron energy (eV) 0, (10-18 cm 2 )

2p 4 1D 2p 4 1s 2p 5 3 po

2.1 0.82 - -

2.4 5.41 - -

2.7 10.7 -

3 15.4 --

4 24.9 --

4.4 26.7 0.54 -
4.8 27.7 1.30 -

5 28.0 1.60 -

6 28.3 2.57 -

7 27.4 3.02 -

8 26.0 3.22 -

9 24.4 3.28 -

10 22.8 3.27 -

12 19.8 3.15 -

14 17.1 2.97 -

16 14.8 2.79 0.17
18 12.9 2.61 1.27
20 11.2 2.44 2.09
25 8.07 2.09 4.11
30 5.90 1.80 6.82
40 3.34 1.37 12.7

45 2.58 1.21 13.6
50 2.02 1.07 14.1
55 1.61 0.95 13.7
70 0.87 0.69 11.5

100 0.33 0.38 7.45
150 0.11 0.16 4.49
200 0.05 0.08 3.14

>200 4.0 x 105E - 3  (-914 + 291 InE)/E

6., x 105 E - 3
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Table 4. O( 3 P - 3s 5SO, 3, 3,o) excitation cross sections.

Electron energy (eV) 0, (10-1, cm 2 )

3s 5So 3s 3So

9.9 0.35 3.42

10.1 0.54 4.41

10.5 1.06 5.48
11 1.37 6.28

12 1.78 7.71

14 2.33 9.87

16 2.85 10.5

18 3.19 11.0

20 3.08 11.1

22 2.78 10.8

25 2.29 10.4

28 1.77 9.30

30 1.51 8.69

35 0.91 8.37

40 0.61 8.10

45 0.43 7.95

50 0.31 7.81

55 0.23 7.62

60 0.18 7.45

70 0.11 7.16

100 0.04 6.30

150 0.011 5.27
200 0.005 4.37

>200 3.88 x 10 4 E - 3  (-869 + 329 InE)/E
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Table 5. O(3 p - 3p 5P, 3p 3 P, 3d 5Do, 3d 3 D0) excitation cross sections.

Electron energy (eV) 0, (10-18 cm 2)

3p 5 P 3p 3p 3d 5 Do 3d 3 Do

11.1 0.22 0.15 - -

11.3 0.71 0.47 - -

11.5 1.00 1.42 - -

12 1.31 2.72 - -

14 2.31 5.22 0.041 0.62

16 2.35 6.63 0.087 1.22

18 2.23 7.52 0.109 1.59

20 2.10 7.70 0.116 1.94

22 1.86 7.13 0.113 2.26

24 1.61 6.26 0.105 2.45

26 1.18 5.32 0.096 2.64

28 0.88 4.58 0.087 2.85

30 0.67 4.00 0.078 3.06

35 0.42 3.41 0.059 3.31

40 0.28 3.13 0.045 3.44

45 0.20 2.95 0.035 3.50

50 0.14 2.80 0.027 3.53

55 0.11 2.54 0.022 3.39

60 0.08 2.32 0.017 3.22

70 0.05 1.91 0.012 2.78

100 0.018 1.10 0.005 1.69

150 0.005 0.73 0.0015 1.42

200 0.002 0.55 0.0006 1.21

>200 1.81 x 104E - 3  4.8 x 103 E - 3

I10E-  (-298 + 102 InE)/E
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Table 6. O(3 p - 4s 5S, 4s 'S') excitation cross sections.

Electron energy (eV) a (10 -  cm 2 )

4s 5S0  4s 3So

11.9 0.01 -

12 0.02 0.04

12.1 0.03 0.19
12.5 0.11 1.20

13 0.34 1.54
14 0.46 1.68
16 0.57 1.79

18 0.64 1.86
20 0.62 1.89
25 0.46 1.77

28 0.35 1.58

30 0.30 1.48
35 0.18 1.42
40 0.12 1.38
45 0.09 1.35
50 0.06 1.33
55 0.05 1.30
60 0.04 1.27

70 0.02 1.22
100 0.01 1.07
150 0.002 0.90
200 0.0009 0.74

>200 7.5 x 10 3E - 3  (-148 + 56 InE)/E

59



Table 7. O(3 P - 4p 5p, 4p 3 P, 4d 'Do, 4d 3 D0) excitation cross sections.

Electron energy (eV) Ur (10 - 18 cm 2)

4p 5 p 4p 3p 4d SD 4d 3 DO

12.5 0.48 0.02

12.7 0.52 0.07 -

12.9 0.56 0.20 0.00019

13 0.59 0.36 0.0005 -

13.5 0.62 0.84 0.0034 0.01

14 0.65 1.57 0.008 0.02

15 0.67 1.83 0.018 0.03

16 0.66 1.99 0.026 0.06

17 0.64 2.14 0.033 0.11

18 0.62 2.26 0.038 0.14

20 0.59 2.31 0.043 0.22

22 0.52 2.14 0.043 0.34

25 0.38 1.74 0.040 0.62

28 0.25 1.37 0.035 1.03

30 0.19 1.20 0.032 1.29

35 0.12 1.02 0.025 1.78

40 0.08 0.94 0.019 2.00

45 0.06 0.89 0.015 2.12

50 0.04 0.84 0.012 2.17

55 0.03 0.76 0.009 2.12

60 0.02 0.70 0.008 2.03

70 0.01 0.57 0.005 1.50

100 0.01 0.33 0.002 0.72

150 0.0015 0.22 0.0007 0.69

200 0.0006 0.17 0.0003 0.64

>200 5.1 x 103 E - 3  2.4 x 103 E - 3

33E - ' (-306 + 82 InE)/E
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Table 8. O(3 P - E(n > 5) ns 'S', E(n > 5) ns 'SO) excitation cross sections.

Electron energy (eV) a (10- 3 cm')

E(n > 5) ns 'S' E(n > 5) ns 3So

13.4 0.10 0.04

13.6 0.31 0.14

13.8 0.36 0.45

14 0.40 1.04

15 0.46 1.49

16 0.51 1.61

17 0.55 1.67

18 0.57 1.73

19 0.57 1.74

20 0.56 1.76

22 0.50 1.71

25 0.41 1.64
28 0.32 1.47

30 0.27 1.37

35 0.16 1.32

40 0.11 1.28

45 0.08 1.26

50 0.06 1.23
55 0.04 1.20

60 0.03 1.18
70 0.02 1.13

100 0.01 1.00

150 0.002 0.83

200 0.0009 0.69

>200 7.5 x 103 E - 3  (-137 + 52 InE)/E
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Table 9. O(P - E(n > 5) np 5P, E(n > 5) np 3 p, E(n > 5) nd 5 D°, E(n > 5) nd 3 D°)

excitation cross sections.

Electron energy (eV) 0- (10-18 cm 2)

E(n > 5) np 'P E(n > 5) np 3p E(n > 5) nd 5 DO" E(n > 5) nd 3 DO

13.4 0.07 0.04 -

13.6 0.25 0.18 0.0007 -

13.8 0.40 0.82 0.0019 0.01

14 0.62 1.48 0.0036 0.02

15 0.69 2.13 0.016 0.04
16 0.70 2.32 0.029 0.08

17 0.71 2.50 0.041 0.16

18 0.69 2.63 0.050 0.21

19 0.67 2.66 0.056 0.26

20 0.65 2.70 0.060 0.33

22 0.58 2.49 0.063 0.52

25 0.43 2.03 0.060 0.92

28 0.27 160 0.054 1.54

30 0.21 1.40 0.049 1.94

35 0.13 1.19 0.039 2.67

40 0.09 1.10 0.030 3.00

45 0.06 1.03 0.023 3.17

50 0.04 0.98 0.019 3.26

55 0.03 0.89 0.015 3.18

60 0.03 0.81 0.012 3.05
70 0.02 0.67 0.008 2.25

100 0.01 0.38 0.003 1.08

150 0.0017 0.26 0.0011 1.04
200 0.0007 0.195 0.00047 0.95

>200 5.6 x 103E - 3  3.76 x 10 3E - 3

39E - ' (-461 + 123 InE)/E
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Table 10. O(3 P - 3s' 3 D", 3s' IDO, 3p' 3 PDF, 3p' 'PDF) excitation cross sections.

Electron energy (eV) 0- (10-18 cm 2 )

3s' 3 D° 3s' 1Do 3p' 3 PDF 3p' 'PDF

13 0.05 0.006 -

13.5 0.24 0.037 -

14 1.08 0.080 --

14.5 2.47 0.135 - 0.024

15 3.56 0.187 - 0.057

16 5.10 0.28 0.144 0.099

17 5.52 0.35 0.399 0.120
18 5.61 0.40 0.586 0.130
19 5.50 0.43 0.722 0.132

20 5.41 0.45 0.822 0.130
22 5.09 0.46 0.945 0.120

25 4.88 0.42 1.019 0.099
28 4.95 0.37 1.026 0.081

30 5.07 0.34 1.013 0.070
35 5.64 0.26 0.953 0.050

40 5.85 0.20 0.882 0.036
45 5.98 0.154 0.813 0.027

50 5.87 0.122 0.751 0.021

55 5.58 0.097 0.695 0.016

60 5.33 0.079 0.646 0.013

70 4.93 0.053 0.564 0.008

100 4.48 0.021 0.406 0.003

150 4.00 0.007 0.274 0.001

200 2.67 0.003 0.207 0.0004

>200 (-1145 + 317 lnE)/E 41.4E - '
2.4 × 10 4 F - 3  3.3 x 10 3 E - 3
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Table 11. O(3 P - 3d' 3S°, 3d' 3po 3d' 3 Do, 3d' 3 FG°, 3d' SPDFG) excitation cross sections.

Electron energy (eV) 0. (10- 8s cm 2 )

3d' 3 S0 3d' 3 po 3d' 3Do 3d' 3 FG 3d' 1 SPDP1'

15.8 0.01 0.01 0.01 0.052 0.0012

16 0.02 0.02 0.02 0.075 0.003

17 0.04 0.04 0.04 0.171 0.014

18 0.08 0.10 0.07 0.24 0.027

19 0.14 0.16 0.11 0.29 0.040
20 0.21 0.25 0.17 0.33 0.050
22 0.34 0.41 0.27 0.37 0.064

25 0.65 0.78 0.52 0.40 0.072

28 1.15 1.36 0.92 0.40 0.070
30 1.57 1.86 1.26 0.395 0.067

35 3.02 3.58 2.42 0.37 0.056

40 4.10 4.86 3.28 0.34 0.045
45 4.98 5.90 3.98 0.32 0.036

50 5.57 6.60 4.46 0.29 0.029
55 5.62 6.65 4.49 0.27 0.024

60 5.34 6.33 4.27 0.25 0.020

70 4.68 5.54 3.74 0.22 0.0135
100 3.42 4.06 2.74 0.157 0.0055

150 3.57 4.23 2.86 0.106 0.0018

200 1.87 2.22 1.50 0.080 0.0008

>200 (229 + 27.5 lnE)/E (183 + 22.0 InE)/E 6., X 10 3 p,, - :1

(271 + 32.6 InE)/E 16.0E - 1
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Table 12. O(3 P - 4s, 3 D0, 4s' 'Do, 4pi 3 PDF, 4p' IPDF) excitation cross sections.

Electron energy (eV) 0 (10 - 18 cm 2 )

4s' 3 Do 4s' IDo 4p' 3 PDF 4 p' IPDF

15.5 0.02 0.0008 - -

16 0.09 0.0051 0.042 0.0082

16.5 0.33 0.012 0.086 0.016

17 0.52 0.020 0.124 0.022

18 0.95 0.036 0.184 0.029
19 1.17 0.051 0.228 0.034

20 1.23 0.063 0.260 0.035

22 1.22 0.079 0.300 0.035

25 1.15 0.086 0.324 0.031

28 1.13 0.084 0.326 0.026

30 1.12 0.079 0.322 0.023
35 1.24 0.066 0.303 0.017

40 1.29 0.053 0.281 0.012
45 1.32 0.042 0.259 0.0091

50 1.29 0.034 0.239 0.0070

55 1.23 0.028 0.221 0.0055
60 1.17 0.023 0.206 0.0043

70 1.08 0.016 0.180 0.0029

100 0.99 0.0063 0.129 0.0010

150 0.88 0.0021 0.087 0.00034

200 0.59 0.0009 0.066 0.00015

>200 (-253 + 70 InE)/E 13.2E - '

7.5 x 103 E - 3  1.2 x 10 3E- 3
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Table 13. O(3 p - 4d' 3 SPDO, 4d' 3 FGO, 4d' SPDFGO) excitation cross sections.

Electron energy (eV) a (10 - " cm 2 )

4d' 3 SPD° 4d' 3 FGO 4d' 'SPDFG°

16.2 - 0.008 -

16.4 0.01 0.018 -

16.8 0.02 0.035 0.001

17 0.03 0.043 0.002
18 0.10 0.075 0.007

19 0.16 0.099 0.012
20 0.25 0.117 0.017

21 0.32 0.130 0.020
22 0.41 0.139 0.023

25 0.78 0.154 0.028
28 1.36 0.157 0.028

30 1.86 0.156 0.027

35 3.58 0.148 0.023

40 4.86 0.137 0.019
45 5.90 0.127 0.015

50 6.60 0.117 0.012

55 6.65 0.109 0.010
60 6.33 0.101 0.008

70 5.54 0.089 0.006

100 4.06 0.064 0.002

150 4.23 0.043 0.001

200 2.22 0.032 0.0004

>200 (272 + 32.4 InE)/E 3.3 x 103 E - 3

6.4E - '
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1;aIle 14. O( 3 p - !(n > 5) ns' 3 D0, E(n > 5) ns' ID', S(n > 5) np' 'PDF, E(n > 5) np' IPDF)

excitation cross sections.

:l, ctron energy (cV) o" (10-18 cia 2
)

E(n > 5) ns' 3 D' E(n > 5) ns' 1D' E(n > 5) np' 3 PDF E(n > 5) np' 1PI)F

16.6 0.01 - 0.010 0.002
16.8 0.02 0.001 0.030 0.006

17 0.04 0.002 0.050 0.009
18 0.51 0.013 0.130 0.023
19 0.73 0.026 0.190 0.031
20 1.04 0.039 0.235 0.035

21 1.11 0.050 0.268 0.037
22 1.10 0.058 0,293 0.037

)5 1.06 0.073 0.332 0.035
28 1.02 0.075 0.343 0.030
30 1.01 0.074 0.342 0.027
:35 1.11 0.064 0.327 * 0.020

40 1.17 0.053 0.305 0.015

45 1.20 0.043 0.283 0.011
50 1.17 0.035 0.262 0.009

55 1.12 0.029 0.244 0.007

60 1.07 0.024 0.227 0.005

70 0.99 0.017 0.199 0.004

100 0.90 0.007 0.143 0.0014

150 0.80 0.002 0.097 0.0004

200 0.53 0.001 0.073 0.00018

>200 (-228 + 63 InE)/ 14.6E -

7 x 103 E--3  1.4 x 103E - 3
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Table 15. O(3I' - E(n > 5) nid' 3,S'PD', E(n > 5) id' 3F'(;. !(n > 5) nd' 'SPDIf"';)

excitation cross sections.

Electron energy (eV) o (10 - 
I cm 2 )

E(n > 5) nd' 3 SPD' E(n > 5) nd' 3 FG E(n> 5) nd' 'SPI)FG'

16.8 0.01 0.012

17 0.02 0.025 0.001
18 0.15 0.080 0.005

19 0.24 0.122 0.012

20 0.38 0.152 0.019
21 0.48 0.175 0.026
22 0.61 0.192 0.031

23 0.76 0.205 0.034

25 1.16 0.220 0.039

28 2.04 0.228 0.041
30 2.79 0.227 0.040

35 5.37 0.218 0.035
40) 7.29 0.204 0.029

45 8.85 0.189 0.024

50 9.90 0.175 0.019
55 9.98 0.163 0.016

60 9.49 0.152 0.013

70 8.32 0.133 0.009
100 6.09 0.096 0.004

150 6.35 0.065 0.0009
200 3.33 0.049 0.0004

>200 (409 + 48.5 InE)/E 3.1 x 103 - -3

9.8E - 1



Table 16. 0(3p _ 3s1 3 p' 3s" 'P°) excitation cross sections.

Electron energy (eV) 10- ( cm2-')

3s" 3po 3 s" 1 o p

14.2 0.08

14.4 0.09

14.6 0.10 0.003

14.8 0.11 0.009

15 0.13 0.018

16 0.25 0.082

17 0.47 0.156

18 0.78 0.222

19 1.08 0.275

20 1.48 0.315

22 2.46 0.358

25 3.99 0.366

28 5.88 0.341

30 6.77 0.318

35 8.48 0.256

40 9.64 0.203

45 10.41 0.160

50 10.92 0.128

55 10.74 0.103

60 10.57 0.084

70 9.93 0.058

100 7.40 0.023

150 5.24 0.008

200 4.67 0.003

>200 (-1170+397 InE)/E 2.4 x 104 E - 3
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Table 17. O(3 P - 3p" 3SPD, 3p" 'SPD) excitation cross sections.

Electron energy (eV) 0 (10 - 11 cm 2 )

3p" 3 SPD 3p" 1SPD

15.8 0.092 0.016

16 0.155 0.028

17 0.416 0.070

18 0.608 0.095

19 0.747 0.108

20 0.849 0.113

21 0.923 0.114

22 0.976 0.112

23 1.012 0.108

25 1.051 0.099

28 1.058 0.083

30 1.044 0.073
35 0.982 0.053

40 0.909 0.039

45 0.838 0.029

50 0.773 0.022

55 0.716 0.018

60 0.665 0.014

70 0.581 0.009

100 0.418 0.003

150 0.282 0.001

200 0.213 0.0004

>200 42.6E - 1  3.4 x 10
3

E
- 3
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Table 18. O(3 P - 3d" 3 Po, 3d" 3 Do, 3d" 3 FO, 3d" lPDFO) excitation cross sections.

Electron enorgy (eV) a (10-18 cm 2 )

3d" 3po 3d" 3 Do 3d" 3 F0 3d" 'PDF

18 0.74 0.56 0.095 0.005

19 0.99 0.74 0.162 0.015
20 1.14 0.85 0.212 0.025

21 1.24 0.93 0.249 0.035

22 1.30 0.98 0.277 0.043

23 1.35 1.01 0.298 0.049

24 1.38 1.04 0.313 0.054
25 1.40 1.05 0.324 0.057

26 1.42 1.06 0.332 0.059

27 1.42 1.07 0.336 0.061

28 1.43 1.07 0.339 0.061

30 1.42 1.07 0.340 0.060
35 1.38 1.04 0.328 0.053

40 1.33 1.00 0.307 0.045

45 1.27 0.95 0.286 0.037

50 1.21 0.91 0.265 0.030

55 1.15 0.87 0.247 0.025

60 1.10 0.83 0.230 0.020

70 1.01 0.76 0.201 0.014

100 0.82 0.61 0.145 0.006

150 0.63 0.47 0.099 0.002

200 0.51 0.39 0.074 0.001

>200 (-59 + 30.5 InE)/E 14.8E - 1

(-44 + 23 InE)/E 8 X 103 E - 3
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Table 19. O( 3 P - 4s" 3 po, 4s" 1Po, 4p" 3SPD, 4p" 'SPD) excitation cross sections.

Electron energy (eV) 0, (10 - 1 cm 2 )

4s" 3 po 4s" 1 Po 4p" 3 SPD 4p" 1SPD

17 0.02 - -

18 0.17 0.008 0.065 0.012

19 0.24 0.020 0.122 0.020

20 0.33 0.032 0.164 0.026

21 0.45 0,043 0.196 0.028

22 0.54 0.052 0.220 0.030

23 0.65 0.059 0.238 0.030

24 0.76 0.065 0.251 0.030

25 0.88 0.068 0.261 0.029

26 1.03 0.071 0.268 0.028

28 1.29 0.072 0.275 0.025

30 1.49 0.071 0.276 0.023

35 1.86 0.062 0.267 0.017

40 2.12 0.052 0.251 0.013

45 2.29 0.043 0.234 0.010

50 2.40 0.035 0.217 0.008

55 2.36 0.029 0.202 0.006

60 2.32 0.024 0.188 0.005

70 2.19 0.017 0.165 0.003

100 1.63 0.007 0.119 0.001

150 1.15 0.002 0.081 0.0003

200 1.03 0.001 0.061 0.00013

>200 (-255 + 87 InE)/E 12.2E - 1

8 x 103 E - 3  1 x 10 3 E - 3
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Table 20. O(3 p - 4d', 3 PD", 4 (11 3 F, 4d" PDFO) excitation cross sections.

Electron energy (eV) a- (10-18 CM2 )

4d" 3 PDO 4d"l 3 FO 4Id 'PDFO

18 0.27 0.014 -

18.2 0.36 0.020 0.001
18.6 0.47 0.033 0.002
19 0.55 0.044 0.003
20 0.69 0.067 0.007
21 0.78 0.084 0.010
22 0.84 0.098 0.014
23 0.88 0.108 0.017
24 0.91 0,115 0.019
25 0.9 0.121 0.021
28 0.96 0.129 0.023
30 0.96 0.131 0.023
35 0.94 0.128 0.021
40 0.91 0.121 0.018
45 0.87 0.113 0.015
50 0.83 0.105 0.012
55 0.79 0.098 0.010
60 0.76 0.091 0.009
70 0.70 0.080 0.006

100 0.57 0.058 0.003
150 0.43 0.039 0.001
200 0.36 0.030 0.0004

>200 (-44 + 22 InE)/E 3.4 x 10 3 E-3

6E-'

73



Table 21. O(3 p - E(n > 5) ns" 3 p,, E(n > 5) ns" 'Po, E(n > 5) rip" 'SPD, E(n > 5) rip" 1SPD)

excitation cross sections.

Ehetron energy (eV) o (10 - 11 cm 2 )

E(n > 5) ns" 3 P, E(n > 5) ns" 'P' E(n > 5) np" 'SPD E(n > 5) np" 1SPD

18.6 0.02 0.002 0.04 0.007

18.8 0.03 0.003 0.05 0.010
19 0.05 0.004 0.07 0.012

20 0.29 0.013 0.12 0.021
21 0.40 0.023 0.17 0.026

22 0.48 0.033 0.20 0.029

23 0.58 0.041 0.22 0.031
24 0.68 0.048 0.24 0.031

25 0.79 0.053 0.26 0.031

28 1.16 0.062 0.28 0.028

30 1.34 0.063 0.29 0.026
35 1.67 0.059 0.28 0.020

40 1.90 0.051 0.27 0.015
45 2.05 0.042 0.25 0.012

50 2.15 0.035 0.24 0.009

55 2.12 0.029 0.22 0.007

60 2.08 0.024 0.21 0.006

70 1.96 0.017 0.18 0.004

100 1.46 0.007 0.13 0.001

150 1.03 0.002 0.09 0.0003
200 0.92 0.001 0.07 0.00013

>200 (-229 + 78 InE)/E 13E - '
8 x 103 E - 3  1 x 103E - 3
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Table 22. O( 3 p - E(n > 5) nd" 3PD', E(n > 5) nd" 3 FO, E(n > 5) nd" IPDF)

excitation cross sections.

Electron energy (eV) o" (10-18 cm 2)

E(n > 5) nd" 3PD' E(n > 5) nd" ' 3 FO (n> 5) nd" 'PDF

18.6 0.39 0.019

18.8 0.51 0.029

19 0.61 0.038 0.001

20 0.89 0.077 0.006
21 1.06 0.106 0.011

22 1.17 0.129 0.017

23 1.24 0.146 0.021
24 1.30 0.159 0.025

25 1.34 0.169 0.028

28 1.39 0.186 0.033

30 1.40 0.190 0.034
35 1.38 0.188 0.032

40 1.34 0.179 0.028
45 1.28 0.168 0.023

50 1.23 0.157 0.019

55 1.18 0.146 0.016

60 1.13 0.137 0.013

70 1.04 0.120 0.010

100 0.84 0.087 0.004

150 0.65 0.059 0.001

200 0.53 0.045 0.0004

>200 (-63 + 32 InE)/E 3.4 x 103 E-- '

9E-1
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Table 23. O(3 P) - O+(4 S', 2 Do, 2 po, 4 p) ionization cross sections.

Electron energy (eV) a (10-18 cm 2)

4SO 2
Do 2 po 4p Total

14 2.6 - 2.6

16 16.3 - - 16.3

18 23.0 2.2 - - 26.5
20 27.6 7.0 1.4 - 36.0

25 36.1 12.8 4.2 - 53.0

30 44.8 163 6.6 1.0 68.8

35 52.7 18.5 8.0 2.5 82.3
40 60.8 20.6 9.4 5.7 96.5

50 68.5 23.8 11.5 11.5 115.3

60 70.1 25.8 13.3 15.1 124.3

70 68.0 28.2 15.0 17.0 128.2

80 66.1 30.6 16.2 18.1 131.0

90 63.0 32.3 17.9 18.8 132.0

100 61.6 34.0 18.9 19.1 133.0

150 55.0 36.2 20.4 19.5 131.0
200 48.4 36.0 20.4 19.2 124.0

300 38.4 30.3 18.5 17.0 104.2

400 32.3 26.0 15.8 15.3 89.3

500 28.2 23.0 13.9 14.0 79.2

600 24.7 20.3 12.1 12.4 69.4

700 22.1 18.2 10.8 11.1 62.2

800 20.1 16.6 9.7 10.1 56.5

900 18.4 15.3 8.9 9.3 51.9
1000 17.1 14.2 8.2 8.7 48.1

Fraction of total

>1000 0.36 0.30 0.17 0.18 (-43, 100 + 13, 200 li)/E
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Table 24. 0( 3 P) _ 02+ ionization cross section.

From Zipf (1985).

Electron energy (eV) 0- (10 - 18 cm 2 )

60 0.296

65 0.563

70 0.963

80 1.68

90 2.42

100 3.34

125 4.72
150 5.38

175 5.59

200 5.37

225 5.17

250 4.93

275 4.57

300 4.22

400 3.24

500 2.64

600 2.23

700 1.94

800 1.71

900 1.54

1000 1.39

>1000 (660+ 106 InE)/E
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Table 25. Total O( 3 P) - O* excitation cross sections, with and without

autoionization, and total inelastic cross sections.

Electron energy (eV) a (10-18 cn
2

)

Excitation Excitation Inelastic

with without

autoionization autoionization

3 15.4 15.4 15.4

4 24.9 24.9 24.9

6 30.9 30.9 30.9

8 29.2 29.2 29.2

10 30.3 30.3 30.3

12 36.4 36.4 36.4

14 49.3 49.3 51.8

16 57.4 57.1 73.3

18 65.5 61.8 88.1

20 71.7 64.2 100

25 74.2 60.9 114

30 79.1 58.0 127

35 91.6 60.5 143

40 99.1 61.4 158

50 107.0 61.5 177

60 99.4 56.0 181

70 88.0 49.2 178

80 78.0 43.3 176

90 69.7 38.8 173

100 64.0 35.5 172

150 54.0 28.9 165

200 37.0 21.2 151

300 27.8 16.1 125

400 22.5 13.1 106

500 19.0 11.2 93.0
600 16.6 9.8 81.4

700 14.7 8.7 72.8

800 13.3 7.9 66.0

900 12.1 7.2 60.6

1000 11.1 6.6 56.1
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Table 26. Autoionization factors for the autoionizing excited states.

State A.F.

O(2p5 3 PO) 0.51

O(3d' 3S°) 0.50

O(3d' 3pO) 0.65

O(3d' 3 D") 0.50

O(4s' 3 D°) 1.00

O(4d' 3SPD°) 0.70

O(ns' 3DO) 1.00

O(nd' 3SPD° ) 1.00

O(3s" 3 Po) 0.46

O(3d" 3 po) 0.30

O(3d" 3 DO) 0.50

O(4s" 3 po) 1.00

O(4d" 3 PD0 ) 0.75

O(ns" 3 po) 1.00

O(nd" 3 PD°) 0.75
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